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Abstract: To mitigate the environmental pollution caused by
aquatic waste, crushed waste oyster shell (WOS) was added
as an aggregate to the mortar. The impact of varying dosages
(0%, 20%, 30%, and 40% ) of fly ash (FA)/slag powder
(SG) and curing periods on the workability,
properties, and durability of the resulting mixtures were
investigated. Furthermore, the ecological and economic

mechanical

benefits of WOS mortars were examined. The findings reveal
that the compressive strength and static modulus of elasticity in
WOS mortar decreased moderately after adding the mineral
admixture during the initial curing phase. However, the
mechanical properties of WOS mortar improved upon
extending the curing period. Additionally, the partial
replacement of cement with FA/SG promoted the migration
ability of chloride and minimized the drying shrinkage in WOS
mortars. In scenarios where engineering application
requirements are satisfied, the utilization of WOS mortar could
reduce CO, emissions by 29% .
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lobally, cementitious material has become a ubiqui-
G tous component in construction, with the annual
consumption of cement-based materials projected to esca-
late to approximately 1.8 x 10" t by 2050'".
quently, the pervasive application of these materials can
exert a considerable impact on the environment'” .
sidering the increasing utilization of cement-based con-
struction, the necessity to develop ecofriendly, afford-
able, and high-performance alternatives for natural aggre-
gates is imminent for addressing the continual depletion of
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natural resources and protecting the environment against
pollution. The waste oyster shells (WOS) generated in
the aquaculture sector, known for their high calcium car-
bonate content, have created a substantial environmental
dilemma owing to their large-scale disposal. Nonetheless,
WOS is a promising substitute for natural river sand, at-
tributed to its similar physical and chemical properties”’.

Numerous studies have explored the application of
WOS in mortar or concrete. Mortars comprising 20%
crushed WOS fine aggregate possess higher compressive
strengths and reduced water absorption than full-river-
sand mortar'”'. Owing to the filling function of WOS fine
aggregate, its integration with fine particles has been rec-
ommended within construction materials; these materials
demonstrate elevated compressive strength when paired
with fine WOS, as opposed to coarse WOS"™'. Thus,
WOS exhibits substantial potential for the partial replace-
ment of natural river sand.

Previous research on standard concrete reported that the
judicious application of supplementary cementitious mate-
rials such as fly ash (FA) or slag powder (SG) for partial
cement replacement can enhance the workability of fresh
9 " in addition to the strength and durability of
hardened concrete. Regrettably, studies investigating the

concrete

influence of FA and SG as supplementary cementitious
materials on the fresh and engineering properties of WOS
mortars are scarce.

This study employed two industrial byproducts ( FA
and SG) as supplementary cementitious materials for par-
tial cement replacement and formulated WOS mortars
with four substitution ratios (0%, 20%, 30%,
40% ). Initially, we examined the workability of WOS
mortars with varying FA and SG replacements. Subse-
quently, the mechanical properties were assessed, and the

and

durability was ascertained. Finally, the ecological and
economic benefits of WOS mortars were analyzed.

1 Experiment
1.1 Materials

This study employed ordinary Portland cement ( OPC)
according to the standard ASTM C 150. The chemical
composition of the OPC was determined in accordance
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with BS EN 197-1, and its mineral composition is delinea-
ted in Tab. 1. The specific gravity and surface area of the
OPC were measured to be 3.01 g/cm’ and 3 520 cm’/g,
respectively. The FA and SG were used as supplementary
cementitious materials. The FA, in compliance with ASTM
C 618, was sourced from a coal-fired power plant, while the
SG was supplied by a cast-iron factory in China. The chemi-
cal compositions of both FA and SG are presented in Tab. 1.

River sand ( fineness modulus 1. 63, saturated surface-

dry water absorption 0. 87% , apparent density 2 620
kg/cm’, bulk density 1 540 kg/cm’, and void fraction
41% ) derived from China, and crushed WOS ( fineness
modulus 3. 66, saturated surface-dry water absorption
6.84% , apparent density 2 411 kg/cm’, bulk density
1 354 kg/ cm’, and void fraction 44% ) obtained from the
northern coast of China were used as fine aggregates ( see
Fig. 1). In this mixture, a naphthalene-based superplasti-
cizer was used as a water reducer.

Tab.1 Chemical and mineral composition of the cementitious materials

Chemical composition/%

Mineral composition/ %

Materials Si0,  ALO, CaO0  Fe,0, MgO SO, K,0  N3,0  G,S G,S C,A  C,AF
Cement 21.35 4.94 60. 16 2.71 0.46 1.96 0.48 1.00 60.74  16.18 6.66  14.17
FA 56.79 28.21 3.00 5.31 5.21 0.68 1.34 0.45
SG 34.62 11.82 37.73 2.73 9.43 1.42 0.50 0.35
100 . .
1.2 Mixture proportions
% 80 In this study, the content of cementitious materials
% ool Crushed WOS (cement, FA, and SG) within the mortar was uniformly
s % set at 608 kg/ m’, and the water-cement ratio was main-
-
E 40t tained at 0.45. Furthermore, WOS served as a substitu-
= . . [7-8] . .
§ WOS microgram tion for 30% of river sand'~'. During the mortar mix-
20 —=— River sand ing process, the replacement rates by FA or SG for ce-
0 +Cmsm(f Wos . ment were segmented into four stages: 0%, 20%,
107 . 10° ' 10! 30%, and 40% ( with FA-20 and SG-20 symbolizing
1€VE s1z&/mm - .
mortars containing 20% FA and 20% SG, respective-
a
(2) ly). The dosage of the water reducer was set at 0.25%
10or —=— Cement of the total cementitious materials. Tab. 2 provides a
—— SG . . . .
< 80F ——FA comprehens?ve outline of the mixed proportions for the
k) mortar specimens.
2 60k .
§ 1.3 Testing procedures
2 -
£ a0l 1.3.1 Workability
g Workability assessments of the mortars were conducted
S 20} according to BS EN 1015-3 to measure the initial slump
flow by averaging the diameters of fresh mortar on the
(1)0-1 lbuA A 161 1('): flow table in two vertical directions. Subsequent inspec-
Sieve size/um tion of the slump flow value of the mortar was conducted
(b) at intervals of 30, 60, 90, and 120 min after the initial

Fig.1 Grading curves of aggregates and cementitious materi-
als. (a) Aggregates; (b) Cementitious materials

Tab.2 Mix proportions

test.

of the mortar specimens

Sample p(cement) / p(FA)/ FA replacement p(SG)/ SG replacement p(WOS)/ p(river sand)/
(kg-m3) (kg-m3) rate/ % (kg - m~3) rate/ % (kg - m™3) (kg - m™?)

OPCM 608 1520
WOSM-control 608
WOSM-F20 486.4 121.6 20
WOSM-F30 425.6 182.4 30
WOSM-F40 364.8 243.2 40 456 1 064
WOSM-SG20 486.4 121.6 20
WOSM-SG30 425.6 182.4 30
WOSM-SG40 364.8 243.2 40
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1.3.2 Mechanical property

Considering the mechanical properties, the mortars
were analyzed for compressive strength following ASTM
C 349 and static modulus of elasticity ( E) following
ASTM C 469. The mortar samples for compressive
strength testing were machined at dimensions of 40 mm x
40 mm x 160 mm. The value of E was gaged using servo-
controlled uniaxial testing equipment on mortar cylinders
measuring @50 mm x 100 mm ( see Fig.2). The value of
E was extracted from the slope of the stress-strain curve at
1/3 of the peak stress.

Strain ring

(b)

Auto-compensated and auto-equilibrated triaxial test

Fig. 2
systems. (a) Actual diagram; (b) Schematic diagram

1.3.3 Durability

The mortar durability was evaluated based on factors
such as drying shrinkage (in line with ASTM C 157) and
chloride migration coefficient ( compliant with NT
BUILD 492). The samples designated for drying shrink-
age tests comprised separate sections of mortar, each sub-
jected to individual testing. These drying shrinkage tests
were conducted across 1, 4, 7, 14, 28, 56, and 90 d af-
ter the initial length measurements of the demolded sam-
ples using a length comparator.

Furthermore , cylinder samples ( @100 mm x 50 mm)
prepared for the chloride migration test were positioned
within a standard curing box, regulated at a temperature
of (20 £3) C and relative humidity of (95 +5) % , and
cured until the required age of 28 and 90 d was reached.

2 Results and Discussion

2.1 Workability

The variations in the slump flow of WOS mortars with

FA and SG are depicted in Fig. 3. The observations con-
firmed that the incorporation of WOS tends to adversely
affect the workability of the mortar. This can be ascribed
to the elevated water absorption of crushed WOS under
the dry conditions of the saturated surface compared to the
river sand. Concurrently, the nonuniform shape of the
crushed WOS within the mortar intensified the friction at
the aggregate-mortar interface. For WOS mortars, con-
sistent reductions in the slump flow were recorded over
time, whereas the initial slump flow ascended in response
to the increased substitution ratios of both FA and SG.
The peak slump flow values were achieved with a 40%
substitution ratio for FA and SG. In contrast, to control
mortars, the growth rates of initial slump flow values are
approximately 2. 75% , 5. 29% , 7. 03% for FA and
1.74% ,3.22% , 5.76% for SG, at substitution ratios of
20% , 30% , and 40% , respectively. Laskar et al. “) in-
terpreted this phenomenon as a result of the spherical
shape of FA, which enlarges the mortar’ s surface area,
diminishes fine aggregate-to-mortar friction, and im-
proves lubrication, thus enhancing mortar liquidity.
Zhang et al. """ posited that the dissolution of OH " ions
from cement particles during early hydration imparts an
electrical charge to the mortar, producing a flocculation
structure and entrapping water. The addition of SG to the
surface of cement, along with certain superfine SG parti-
cles, disrupts the flocculation structure, liberates the en-
trapped moisture, fosters a dispersion effect, and conse-
quently improves fluidity. Notably, the fluidity of mortar
with FA surpasses that with SG.
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2.2 Mechanical property
2.2.1 Compressive strength

Fig. 4 portrays the variations in the compressive
strength of WOS mortars with FA and SG. As observed,
the WOS mortars displayed a lower compressive strength
than the OPC mortars ( without WOS). This may be at-
tributed to the needle-like particle structure of crushed
WOS that offers high friction resistance,
small slump and expansion. Moreover, owing to the low
strength of the WOS, the WOS mortar displays a lower
strength than the OPC mortar.
ing substitution ratios of FA and SG contribute to a de-
cline in the compressive strength of the WOS mortars,
specifically at the initial curing stage. For instance, WOS
mortars with 40% FA at 28 and 90 d achieved approxi-
mately 60% and 83% strength of the control mortars,
similar to that in WOS mortars with SG. In contrast, the
WOS mortar with 20% FA displayed 32% and 4% , and
that with 20% SG exhibited 19% and 3% strength of the
WOS mortar at 3 and 90 d, respectively. The data re-
vealed that the strength of WOS mortars with FA and SG
accelerates more rapidly than that of WOS mortars with-
out FA and SG, and this disparity in strength decreases as

resulting in

Additionally, the increas-

the curing period extends. The constructive impact of SG

on compressive strength surpasses that of FA, owing to
the slower pozzolanic reaction activities of FA and SG
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Fig. 4  Variations in compressive strength of WOS mortars
with FA and SG. (a) FA; (b) SG

during the early curing phase, thereby relatively decrea-
sing the compressive strength. However, at the later sta-
ges, FA and SG react with Ca( OH), emanating from pri-
mary hydration'" ™"’ Both these trends can be explained
based on the delay in the formation of calcium-silicate-
hydrate (C-S-H) because the pozzolanic reaction emerges
as the major reaction with the increasing replacement of
. Consequently, the difference in
the compressive strength between the control mortar and
the WOS mortar with FA/SG decreased with the curing
age.

2.2.2 Static modulus of elasticity

the cement content!"’

Fig. 5 displays the variation of the static modulus of
elasticity of WOS mortars in relation to FA and SG. As
observed, the incorporation of WOS marginally decreased
the E value of the mortar samples.
tion in E for WOS mortar can be mitigated by extending
a phenomenon that aligns with the

However, this reduc-

the curing period,
compressive strength, given its inherently low nature.
Moreover, the WOS mortars with FA and SG demon-
strate a lower E compared to the WOS-Control mortar.
As FA and SG increased, the E of WOS mortars declined
correspondingly. Relative to the WOS-Control mortar,
the 90-d E of WOS mortars with FA at 20% , 30% , and
40% decreased by 7.69% , 10.00% , and 11.54% , re-
spectively, whereas that of WOS mortars with SG at 20% ,
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Fig.5 Variation of the static modulus of elasticity of WOS
mortars with FA and SG. (a) FA; (b) SG
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30% , and 40% decreased by 2. 07% , 3. 64% , and
4.43% , respectively. Notably, under identical condi-
tions, the WOS mortar with FA consistently exhibited a
lower E than the WOS mortar with SG. These findings
suggest that WOS mortars with 20% SG can attain nearly
the same E as the control mortar during the later stages of
curing.

2.3 Durability
2.3.1 Drying shrinkage

The variations in the drying shrinkage of WOS mortars
with FA and SG are presented in Fig. 6. The evidence
confirms that the integration of WOS improved the drying
shrinkage of the mortar samples. This phenomenon may
be attributed to the water absorption capacity of the
crushed WOS (6. 84% ), which is considerably higher
than that of natural river sand (0.87% ) , resulting in ele-
vated moisture content within the internal pores of the
mortar. Additionally, the reduced hardness of crushed
WOS'*' may contribute to the greater drying shrinkage of
WOS mortars. At the commencement of curing, the dr-
ying shrinkage of WOS mortars across various groups ap-
pears remarkably similar. Furthermore, the drying shrink-
age proliferates with the progression of curing time, yet
the growth rate of drying shrinkage diminishes as curing
time extends.
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Fig.6 Variations in drying shrinkage of WOS mortars with FA
and SG. (a) FA; (b) SG

The incorporation of FA and SG serves to curtail the
hydration degree of cement, contract the pore volume of
WOS mortar, and increase the deformation resistance of
WOS mortar. Conversely, the powder functions directly
as a microfiller, abating voids and furnishing skeletal sup-
port to counteract deformation. Additionally, the hydra-
tion and pozzolanic reactions consume substantial amounts
of free water, leading to a decrease in evaporative water
content, which ultimately diminishes the drying shrink-
age. Consequently, by employing FA and SG in suitable
proportions, the shrinkage of WOS mortar can be effec-
tively reduced, and the occurrence of shrinkage cracking in
WOS mortar can be averted during the hardening process.
2.3.2 Chloride migration coefficient

Fig. 7 elucidates the variation in the chloride migration
coefficient of WOS mortars in association with FA and
SG. The findings reveal that the introduction of crushed
WOS into the mortar enhances the likelihood of chloride
migration. This implies that as the content of WOS is
augmented, the resistance to chloride ion penetration cor-
respondingly diminishes. This phenomenon might be at-
tributed to the presence of crushed WOS, which results in
an increment in the porosity of the mortar. Moreover, the
data demonstrates that the chloride migration coefficient
diminishes as the curing time progresses. This reduction
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Fig.7 Variations in the chloride migration coefficient of WOS
mortars with FA and SG. (a) FA; (b) SG
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can primarily be ascribed to the sufficient hydration reac-
tion, leading to the heightened internal compactness of
WOS mortar and an enhanced antierosion capability .
Simultaneously, Fig. 7 indicates that the optimal FA
and SG content rests at 30% , and any further elevation in
the substitution ratio yields minimal enhancement of chlo-
ride diffusion resistance. This observation underscores the
robust efficiency of FA and SG in thwarting chloride mi-
gration into the mortar '®’. Based on these results, SG is
more conducive than FA for reducing the chloride migra-

tion coefficient of WOS mortar.
2.4 Ecological and economic benefits

Concerning environmental implications, CO, exhibits
the most rapid growth rate as the principal greenhouse
gas, and its incessant escalation impacts the climatic con-
ditions of the environment. The sustainability of cementi-
tious materials is principally contingent upon the energy
consumption and CO, emitted during the manufacturing
process. In the present study, the ecological and econom-
ic benefits of WOS mortars are assessed by evaluating the

energy consumption ( E,) and CO, emission ( E., ),
with the values of the raw materials summarized in Tab.
317750 Fig. 8 depicts the aggregate E, consumed and E,
released for WOS mortars. As observed, the total E, and
E,, for WOS mortars with FA/SG were remarkably low-
er in comparison to WOS-Control mortar. This reduction
can predominantly be attributed to the substitution of ce-
ment with mineral admixtures, which considerably de-
creases both the E, and E, of the WOS mortar. Further-
more, WOS mortar with 40% FA emerges as the most
ecologically friendly mixture, with the E, and E, de-
creasing by approximately 36.61% and 38.61% , respec-
tively, compared to WOS-control mortar. Moreover,
WOS mortar with 40% FA emits the least CO,, sugges-
ting that the per unit CO, emissions for FA are less than
those for SG. Consequently, when 30% of cement is re-
placed by FA/SG, CO, emissions can be curtailed by up
to 29% (see Fig.8). Therefore, WOS mortar with 30%
FA/SG may be regarded as a more ecofriendly alterna-
tive.

Tab.3 E, and E, for the raw materials

Material Cement River sand WOS Water Water reducer FA SG
E.,/(MJ - kg™!) 4.800 0.081 0.090 0.200 11.500 0.100 1.600
Eco,/(kg - kg™") 0.767 0.003 0.002 0 0. 620 0.019 0.083

3200 7650 ying that the recommended substitution ratio for both FA
—— E,(WOSM-F) .
3000 - —— E,(WOSM-S) 7600 and 5G is 30%. o .
w0 Eeo (WOSM-F) |55 3) The examination of chloride diffusion resistance re-
o 2800 0 Eco,(WOSM-S) s00 0 veals that as the FA/SG substitution ratio amplifies, there
~ ] . . . . .
. 2600 2 is an increase in the resistance of WOS mortar to chloride
o | .
§ 2400 b 430 g diffusion, coupled with a diminution in drying shrinkage.
X 7400 mﬁ Simultaneously, SG was found to be more efficacious in
2200 - . .- . .
00 350 augmenting durability than FA. This observation further
S o000k “\u 1300 underscores that a 30% replacement of FA/SG results in
1 800 L : ! 250 a substantial improvement.

1
0 20 30 40
Substitution ratio/%

Fig.8 Total E, consumed and E, released of WOS mortar

3 Conclusions

1) Corresponding to the escalation of FA/SG content,
there was an augmentation in the initial slump flow of
WOS mortar. This trend signifies that the inclusion of
FA/SG considerably enhances the workability of WOS
mortars. Consequently, the advised substitution ratio of
FA stands at 40% .

2) In terms of mechanical properties, the WOS mortars
with FA/SG were inferior to the control mortars at the 28-
d interval. However, concurrent with the increasing cu-
ring period, the WOS mortars infused with FA/SG exhib-
ited a more pronounced growth rate for compressive
strength. Additionally, the mechanical attributes of the
WOS mortar with the SG surpassed those with FA, impl-

4) Regarding the environmental footprint, the CO,
emissions from WOS mortars combined with FA and SG
were remarkably less than those of the control mortars.
Considering the workability, mechanical properties, and
durability of WOS mortars, we can conclude that a 30%
FA/SG substitution ratio is an appropriate and advanta-
geous alternative.
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